A-Tris(4,7-diphenyl-1,10-phenanthroline)cobalt(I), a photoactivated DNA-cleaving agent, is a small molecular probe of DNA structure. Because of its chirality, the complex cannot bind to regular right-handed B-form DNA but exhibits site-specific cleavage along the polymer strand at conformationally distinct sites such as those in a left-handed conformation. Both coarse and higher resolution mapping experiments using the chiral cobalt complex indicate intriguing conformational variations along the simian virus 40 genome. Highly specific cleavage is evident in the enhancer and promoter blocks and in the region downstream of 3' termini. A specific cleavage pattern borders an alternating purine/pyrimidine stretch within the enhancer, which was found earlier to bind anti-Z-DNA antibodies. Throughout the simian virus 40 genome, variations in structure delineated with the cobalt complex appear to correlate with regions important for control of gene expression.
Conformational heterogeneity along the DNA strand is becoming increasingly apparent. Aside from the common B-DNA conformation, DNA under certain conditions may adopt other shapes, such as single-stranded loops, hairpins, cruciforms, or even the left-handed double-helical Z-form (1) (2) (3) (4) (5) (6) (7) . Variations in DNA secondary structure along the strand might play a chemical role in the regulation of gene expression. The role that Z-DNA might play in the cell is still a matter of much debate (1, 8, 9) . Physiologically reasonable conditions are known that stabilize and maintain the conversion from right-handed B-DNA to a left-handed Z form (10) (11) (12) . Stretches of alternating purine/pyrimidine residues favor the formation of Z-DNA, and small regions of such alternation have been found to be associated with biologically interesting positions along both eukaryotic and prokaryotic genomes (13) (14) (15) (16) . Using a chemical probe that cleaves left-handed DNA sites, we found (17) an association of cleavage sites with the ends of coding regions in the bacterial plasmid pBR322. In the case of simian virus 40 (SV40) DNA, antibodies elicited against Z-form poly(dG'dC) were found to bind in particular within the regulatory region of the viral DNA near the origin of replication (16) .
The detection of local variations in structure along the polymer strand requires the development and characterization of enzymatic and chemical probes that are conformationor site-selective. Mung bean, micrococcal, and S1 nucleases appear to react preferentially at several different altered conformations (18) (19) (20) (21) (22) . Bis(phenanthroline)copper and methidium-propyl-EDTA-iron(II) have been useful in identifying open, accessible regions along the strand (23, 24) . Treatment of DNA with reagents (such as diethylpyrocarbonate, osmium tetroxide, or hydroxylamine) showing enhanced reactivity at accessible bases or sugars, when coupled to sequencing methods, has been useful in marking regions of altered conformations (25) (26) (27) (28) . Although the chemical mechanism of hyperreactivity with these reagents is not known, sequencing experiments, in detecting variations in conformation near alternating purine/pyrimidine inserts in plasmids (29) and in regions of alternation in pBR322, support findings that left-handed Z-form segments may occur along the strand.
We report here the results of coarse and fine mapping experiments on SV40 DNA, using the chiral metal complex A-tris(4,7-diphenyl-1,10-phenanthroline)cobalt (III) [A-Co(DiP)J+], a specific molecular probe for helical conformations. Cleavage experiments with SV40 DNA as substrate were conducted to define and correlate the potential regions of altered conformation with sites important to genetic expression in this well-investigated eukaryotic model (30) (31) (32) (33) . Tris(phenanthroline) complexes of cobalt(III) may be used to introduce single-strand breaks in the duplex upon photoactivation (34) . The chiral metal complexes become useful probes for DNA helicity, since steric constraints prevent intercalation of the A isomer of diphenylphenanthroline complexes into right-handed B-form DNA (35) (36) (37) (38) . Intercalative binding of ruthenium(II) analogues to A-form helices or cleavage using the cobalt complex of singlestranded DNA are not found (17, 37) . Instead, selective binding to and subsequent specific cleavage of left-handed Z-DNA by A-Co(DiP)3' has been demonstrated (17, 39) .
Strictly speaking, any stacked conformation that locally untwists or significantly unwinds the duplex, thereby increasing the dimensions of the groove, should yield specific cleavage (unwinding to the point of a left-handed twist being an extreme). The structure of A-Co(DiP)3+, our site-specific conformational probe, is given below. *To whom reprint requests should be addressed.
1764
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with The gel-purified fragments were then electrophoresed in denaturing (8 M urea) 6% polyacrylamide gels. To determine the position ofthe nicks generated by A-Co(DiP)3+, untreated DNA was sequenced by the method of Maxam and Gilbert (40) and coelectrophoresed in adjacent lanes. For autoradiography, gels were exposed to Kodak XAR-5 films at -60°C for 1-14 days, using Cronex LightningPlus intensifying screens.
RESULTS AND DISCUSSION
Coarse Map of Cleavage Sites Throughout SV40 DNA. We first localized the sites cleaved by A-Co(DiP)3+ by a general examination of the full SV40 genome, using the coarse mapping assay. A schematic view ofA-Co(DiP)3' recognition sites in the complete SV40 circular DNA is shown in Fig. 1 . The relative band intensities vary in order of sites 4570 > 2600, 1611 > 5187, 4924, 900, 436 > 3309, 102 (broad band with many cleavage points). We find that the cleavage sites appear to correlate with alternating purine/pyrimidine stretches that border coding regions in the virus. Using simple combinatorial analysis, we found that alternating purine/pyrimidine stretches of 8-12 bp with one base out of register are significantly underrepresented in SV40, as they are in a number of other DNAs (16) . However, in control regions, sequences of 10 alternating bases are overrepresented, whether considering strictly noncoding areas in SV40 or -50 bp from each coding region start and +50 bp from each coding end. (17) . Hpa II, Acc I, EcoRI, and BamHI were used for restriction cleavage.
Numbers refer to position on the SV40 genome according to ref. 41 . Ori, origin of replication; T antigen, tumor antigen; VP, virion protein; A, site of poly(A) addition. See Table 1. regions in the plasmid. This finding is reminiscent ofthat seen earlier in the bacterial construct pBR322 (17) . A majority of these recognition sites seem to occur within mRNA limits but, in fact, before or after the actual peptide-coding sequences. Indeed, the closest correlation seems to be with gene splicing sites. Perhaps we are actually detecting indirectly, on the DNA level, sequence-dependent variations in RNA structure. Extensive cleavage within the regulatory region is found, but the resolution here is too low to be informative (see below). As may be seen simply in Fig. 1 ltory region of SV40 DNA in more
The asymmetry in cleavage pattern to the 5' side is consistent arent structural variety and biologwith access of the complex from the major groove of the gion (30) (31) (32) , because anti-Z-DNA helix. Whether the conformation at this site were left-or Lnding proteins bind specifically to right-handed, the same asymmetric cleavage pattern would because the coarse mapping had result, given that the complex binds from the major groove.
ge of this region with A-Co(DiP)3+.
Tris(diphenylphenanthroline) and phenanthroline complexes ijor control elements for the virus, have been shown to bind by intercalation into the major promoters and enhancers (Fig. 2a) .
groove of B-DNA (37 
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A-T_ 3. Cleavage by the cobalt complex in the promoter block of the regulatory region is qualitatively different from that found in the enhancer block. In the 21-bp repeats of the promoter block, there appears to be a marked strand preference, and the asymmetry seen in the enhancer is lost. Strong cutting is found for the 5' strand within each of the six "GC boxes" at 5' GGGJCGG 3'; only weak cleavage is visible at the complementary motif of the 3' strand. Intensities of strand scission among the GC boxes of the 5' strand vary and, compared to each other, are found to be strong for boxes IV and VI, medium for I and II, and weaker for III (49)]. Further, the strongest cleavage sites, at positions 2591 and 2717 on the 5' strand, consist of a 7-bp alternating purine/pyrimidine segment with one base out of register (boxed) next to at least 4 bp of a homopurine stretch (50) . The cleavage pattern is, in addition, different on the two strands; A-Co(DiP)3+ cleavage occurs on one strand but at neither the opposite nor the symmetric position on the other strand. We cannot analyze the detailed polarity for strand cleavage in this region, because the resolution of the gels is .w not suitable. There is certainly no extended sequence homology common to these sites.
Distinct conformations recognized by the cobalt complex again appear to correlate with the ends of coding regions. The strong 2591 cleavage is positioned directly at the termination codon for the late genes. On the 3' strand, the 2643 scission occurs between polyadenylylation consensus sequences (AATAAA) and the termination codons for both early and late genes. An unusual conformation at this location could conceivably influence both early-and late-transcript processing. In fact, A-Co(DiP)3 cleavage sites flank the polyadenylylation sites in both directions. The 2687 site occurs in an area that was found to be essential for correct formation oflate mRNA (51) (52) (53) , and the site showed no clear sequence requirement. Hence this conformationally distinct site recognized by the cobalt complex corresponds to a known site downstream of a gene that is necessary for its proper expression.
Conclusions. A-Co(DiP)J+ targets a family of conformationally distinct sites along SV40 DNA. With this simple chiral probe, site-specific cleavage along the strand may be obtained. The conformationally distinct sites cleaved by A-Co(DiP)W+ show a high correlation with sites important as control elements along the genome and, in fact, flank proteincoding regions. Just as we see that local DNA conformations are clearly recognized and specifically bound by the simple coordination complex, perhaps also the secondary structure of DNA plays an active part in the recognition or release of transcriptional protein factors, indeed in the regulation of expression. Molecular probes targeted to specific structures along the strand may be powerful tools in finding clues to the biological roles of DNA secondary structures.
